The optical polarization properties of Al-rich AlGaN/AlN quantum wells (QWs) were investigated using the theoretical model based on the k⋅p method. Numerical results show that there is valence subband coupling which can influence the peak emission wavelength and emission intensity for TE and TM polarization components from Al-rich AlGaN/AlN QWs. Especially the valence subband coupling could be strong enough when CH1 is close to HH1 and LH1 subbands to modulate the critical Al content switching dominant emissions from TE to TM polarization. It is believed that the valence subband coupling may give important influence on polarization properties of spontaneous emissions and should be considered in designing high efficiency AlGaN-based ultraviolet (UV) LEDs.
Introduction
AlGaN alloys, especially Al-rich AlGaN alloys are promising semiconductors for the production of light-emitting devices in the spectral range from ultraviolet (UV) to deep-UV. However, it is demonstrated that the emission efficiency of these UV emitters decreases dramatically with the increase of Al content [1] [2] [3] . Other than great difficulties in crystal growth of high quality Al-rich AlGaN, unusual optical polarization properties of AlGaNbased UV emitters have been attributed to the degradation of luminescence properties. It has been found that the intensity of polarized emission perpendicular to c-direction (TE polarization) decreases dramatically as Al content increase [4-6]. As a result, the surface emission from c-plane of Al-rich AlGaN-based emitters is very weak, and emission efficiency is low as about 1% or less [7, 8] . Obtaining Al-rich AlGaN-based emitters with dominant TE polarization is in great demand and has attracted much attention [9] [10] [11] [12] [13] [14] [15] [16] .
For wurtzite III-nitride material with spin-orbit interaction, the valence bands are usually labeled as heavy hole (HH) band, light hole (LH) band and crystal-field split-off (CH) band. It is generally accepted that emission light is TE polarized when transitions are from conduction band to HH (C-HH) and LH band (C-LH), while TM polarized light comes from the transitions to CH band (C-CH) [17] . Then, the order of Brillouin zone center 9 Γ and 2 7 Γ corresponding to HH and CH bands determines the polarization properties of emission light. However, Nam et al. [4] and Banal et al. [18] reported that there was no obvious emission wavelength peak shift between TE and TM polarization components in AlGaN alloys and AlGaN/AlN quantum wells (QWs), which could hardly be understood with the existence of energy gap between CH and HH subbands. Furthermore, Hirayama et al. [19] have revealed that TE polarized emission is dominant in AlGaN/AlN QWs with 83% Al content although the energy difference between 9 Γ and 2 7
Γ almost equals to zero. Therefore, detailed investigation for clarifying the physical mechanism of optical polarization in AlGaN/AlN QWs is required. This will also be beneficial to realize the polarization control or the polarization switch of UV light emissions from AlGaN/AlN QWs.
In this work, the influence of valence subband coupling on polarization of spontaneous emissions from Al-rich AlGaN/GaN QWs was analyzed and discussed. Band structure and envelope wavefunctions of Al-rich AlGaN/AlN QWs were calculated using the theoretical model based on the k⋅p method [20] [21] [22] [23] . The simulation result demonstrated that there is obvious valence subband coupling at k t = 0 and k t ≠ 0, which can influence the momentum matrix element and spontaneous emission spectrum. This results in TE polarized emission from C-CH1 transitions and TM component from C-HH1 and C-LH1 transitions due to the valence subband coupling. When HH1 and CH1 subband are approaching each other, such coupling effects even become very strong and influence the critical Al content for polarization switching between dominant TE and TM emissions. It is believed that valence subband coupling may change the polarization properties of spontaneous emissions and should be considered in designing high efficiency AlGaN-based UV LEDs.
Theoretical modeling and simulation
For wurtzite III-nitride material the conduction subband energies 
where
E z is the unstrained conduction band edge,
is the hydrostatic energy shift in the conduction band induced by mechanical stresses and ( ) E P z stands for an additional Hamiltonian term due to the spontaneous (SP) and piezoelectric (PZ) polarization electrostatic fields [24, 25] . The carrier screening effect is ignored for the low carrier density in order to simplify calculation in this work. The 6 × 6 effective-mass Hamiltonian for the valence band can be block-diagonalized and the subband structure ; ; 
where α and β are the parameters related to azimuthal angle in the k x -k y plane. 1 2 Then the spontaneous emission rates of TE and TM polarizations can be given as 
where L z is the well width and C is a coefficient independent from QW structure. 
Simulation results and discussion
Previously, it is presented that the light emission with TE polarization of AlGaN-based QWs profits from compressive strain and thin well width [18, 31] . Therefore, for our simulation model, the QW consisted of a 1.5nm thick AlGaN well and a 10 nm thick AlN barrier. Figure 1 gives the valence subband structure and labels the subband order for AlGaN/AlN QWs with Al content of 81%, 83% and 90%, respectively. As shown in Fig. 1 , the HH1 subband is the first valence subband for Al 0.81 Ga 0.19 N/AlN and Al 0.83 Ga 0.17 N/AlN QWs, but for Al 0.9 Ga 0.1 N/AlN QW the CH1 subband becomes the first subband. It also can be seen from Figs. 1(a) and 1(c) that there is an energy difference of more than 30meV between HH1 and CH1 subbands in Al 0.81 Ga 0.19 N/AlN QW at Brillouin zone center, and only CH1 and CH2 subbands are confined in Al 0.9 Ga 0.1 N/AlN QW. When Al content is 83% in Fig. 1(b) , CH1 subband locates between HH1 and LH1 subbands and becomes close to HH1 subband at zone center. This could correlate Al 0.83 Ga 0.17 N/AlN QW with its spectacular optical properties of polarization switching from dominant TE to TM light emission [18] . Because the Al 0.83 Ga 0.17 N/AlN QW has special valence subband structure, the envelope wavefunctions of the three topmost valence subbands are calculated and given in Fig. 2 . For clarity, Fig. 2 only plots a part of the envelope wavefunctions near well region from 6nm to 16nm. The envelop wavefunction for CH is not well confined in the well layer for the reason that effective mass of CH is much smaller than that of HH and LH for GaN-based material. It is indicated from Figs. 2(a)-2(c) that the CH1 subband is decoupled with the HH1 subband but strongly couples with LH1 subbands at k t = 0. That is, the wavefunction of HH1 subband only has 1 component at k t = 0 and that of LH1 and CH1 subbands include both 2 and 3 components. As a result, when the C-LH1 and C-CH1 transitions occur at zone center, the emission light should be characterized with both TE and TM polarizations. Furthermore, HH1, CH1 and LH1 subbands are coupled with each other at k t = 1nm −1 as described in Figs. 2(d)-2(f) , which results in the emission light with both TE and TM polarizations for C-HH1, C-CH1 and C-LH1 transitions. Therefore, compared with weak coupling of the HH1, LH1 and CH1 subbands in InGaN/GaN QWs [32] , the influence of valence subband coupling on the optical polarization of AlGaN/AlN QWs is much greater and should not be ignored.
Using the calculated envelope wavefunctions, the momentum matrix elements in the vicinity of the center zone from k t = 0 to k t = 1nm −1 for the Al 0.83 Ga 0.17 N/AlN QW are obtained in Figs. 3(a)-3(c) . It is demonstrated that the momentum matrix elements can be influenced seriously by valence subband coupling especially at k t ≠ 0. As expected from the above discussions on envelope wavefunctions, at k t = 0 the momentum matrix elements for C1-CH1 and C1-LH1 transitions have both TE and TM components, and away from zone center all the C1-HH1, C1-CH1 and C1-LH1 transitions contribute to both TE and TM polarization components. If only valence subband order is considered, the optical polarization can be determined by momentum matrix elements of topmost subband at k t = 0 [10]. However, as shown in Figs. 3(a)-3(c) , the momentum matrix elements are very different at k t = 0 and k t ≠ 0 due to the valence subband coupling. So, the influence of the transitions at k t ≠ 0 should be discussed in more exactly analyzing optical polarization properties. Considering that momentum matrix element directly determines the transition rate from conduction to valence subbands, spontaneous emission intensities of TE and TM components varying with k t for C1-HH1, C1-CH1 and C1-LH1 transitions are calculated at carrier density of 1.0 × 10 18 cm −3 and given in Figs. 3(d)-3(f). It is indicated by solid lines that dominant TE component comes from not only the C1-HH1 and C-LH1 transitions near k t = 0, but also C1-CH1 transitions away from zone center. While, the main TM polarization component originates also from both C1-HH1 and C1-LH1 transitions away from zone center and the C1-CH1 transition near k t = 0 shown by dashed lines. As a result, the corresponding emission peak wavelength of TE polarization component should be close to that of TM component. Furthermore, the ratio of TE component to TM component in emission light should be influenced by the valence subband coupling for AlGaN/AlN QW. Figure 4 give the contribution proportions of C1-HH1, C1-LH1 and C1-CH1 transitions to total emission of AlGaN/AlN QWs with different Al contents considering the valence subband coupling. The valence subband orders are also labeled. In Fig. 4(b) for Al 0.83 Ga 0.17 N/AlN QW, the proportion of C1-CH1 transition in TE polarization emission even exceeds the value in TM emission due to valence subband coupling. As a result, the total TE polarization emission is much stronger than TM component for AlGaN/AlN QW with 83% Al content although the energy level of 9 Γ almost is equal to that of The spontaneous emission spectra of AlGaN/AlN QWs with different Al contents are calculated and compared with experimental result from other groups [18, 19, 33] . As seen in Fig. 5 , the spontaneous emission spectra of Al 0.83 Ga 0.17 N/AlN QW have dominant TE component and there is not emission peak difference between TE and TM components. For Al 0.81 Ga 0.19 N/AlN and Al 0.9 Ga 0.1 N/AlN QWs, the shift of emission peak for TE and TM emissions is less than 0.8nm due to the subband coupling although CH1 is over 30meV away from HH1 subband. In addition, TE polarization emission is dominant in Al 0.81 Ga 0.19 N/AlN QW and TM polarization emission is dominant in Al 0.9 Ga 0.1 N/AlN QW. The agreement of unobvious peak shift and polarization composition of TE and TM polarized components in our calculations with experimental results surely becomes the evidence of valence subband coupling effect on the optical polarization properties of Al-rich AlGaN/AlN QWs. It is also interesting that the critical Al composition for tuning TE and TM polarizations may be influenced by such valence band coupling. In Fig. 6 , the critical Al contents considering only valence subband order and including valence subband coupling are compared for different well widths from 1.0nm to 4.0nm. Several experimental results taken from the papers of Banal et al. [18] and Hirayama et al. [19, 33] are cited as references. It is clear that the critical Al content deduced from valence subband order slightly decrease as well width decreases. However, when valence subband coupling also is considered, the polarization switch point shifts towards higher Al content with the decrease of well width. The critical Al contents in well layer should be included in a region between that for TE and TM polarization emission, the shaded parts in Fig. 6 , and our calculated results under the consideration with influence of valence subband coupling fit well with tendency of experimental results. Such changes of optical polarization property with well width are of combination of quantum confinement, piezoelectric field effect and valence subband coupling. 
Conclusion
In summary, the optical polarization properties of Al-rich AlGaN/AlN QWs were analyzed using the theoretical model based on the k⋅p method. Numerical results demonstrated that there is a coupling between the CH1 and LH1 subbands at k t = 0, but HH1, CH1 and LH1 subbands are coupled with each other at k t ≠ 0, which can change emission light properties with TE and TM polarizations. Therefore, the emission peak wavelength difference and emission intensity of TE and TM components are determined by C-HH, C-LH and C-CH transition at k t = 0 and k t ≠ 0 duo to the valence subband coupling. Especially, the effect of valence subband coupling on the optical polarization properties for AlGaN/AlN QWs is very obvious when the Al content close to the critical content for polarization switching. It is concluded that valence subband coupling can change the polarization properties of spontaneous emissions and should be considered in designing high efficiency AlGaN-based UV LEDs.
